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Objectives . The purpose of this study was to demonstrate the
feasibility of in vivo three-dimensional reconstruction of veat-ic-
ular septa] defects and to validate its quantitative accuracy for
defect localization in excised hearts (used to penult comparison of
three-dimensional and direct measurements without card!, on>
traction) .
Background. Appreciating the three-dimensional spatial rel'a .
Lions of ventricular septal defects could be useful in planning
surgical and catheter approaches . Currently, however, echocar-
diography provides only two-dimensional views, requiring mental
integration . A recently developed system automatically combines
two-dimensional echocardiagraphic images with their spatial lo-
cations to produce a three-dimensional construct .
Methods. Surgically created ventricular septal defects of vary-
ing size and location were imaged and reconstructed, along with
the Left and right ventricles, in the beating heart of six dogs to
demonstrate the in vivo feasibility of producing a coherent image
of the defect that portrays its relation to surrounding structures .
Two additional gel-filled excised hearts with defects were com-
Two-dimensional and Doppler echocardiography have pro-
vided convenient, rapid identification of congenital heart
diseases (1-47) . Currently, however, they provide only
two-dimensional views that require mental integration by an
experienced observer to appreciate complex structural rela-
tions. Recent techniques for three-dimensional reconstruc-
tion of two-dimensional images have improved spatial appre-
ciation (18-32) but are limited by multiple time-consuming
steps. Automated integration of images with their spatial
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pletely reconstructed . Quantitative Imlization of the defects
relative to other structures (ventricular apexes and valve inser-
tions) was then validated for seven defects in excised hearts. The
right septal margins of the exposed defects were also traced and
cumpared with their reconstructed .arcs and drcumference&
Results . The three-dinneasional images provided coherent im-
ages and correct spatial appreciation of the defects (two inlet, two
trabecular, one outlet and one membranous Gerbode in vivo; one
inlet and one apical in excised hearts) . The distances between
defects and other structures in the excised hearts agreed well with
direct measures (y = 1151 - 0° 15, r = 0 .98, SEE = 0.30 cm),
as did reconstructed areas (y = I .Ox - 0.2.3, r = 0.98, SEE =
0,21 cm2) and circumferences (y = 0.97x + 0 .13, r = 0 .97,
SEE = 0 .3 cm) .
Conclusions. Three-dimensional reconstruction of ventricular
septal defects can he achieved in the beating heart and provides an
accurate appreciation of defect size and location that could be of
value in planning interventions .
(J Am Coil Cardiol 1994,23 :201-8)
locations (33,34) (previously performed manually) has
greatly improved the efficiency of reconstructing multiple
structures from various views, as would be necessary to
evaluate congenital defects. As an initial step toward this
ultimate goal, we chose the ventricular septal defect as a
common condition in which spatial appreciation could be of
value and reconstruction readily tested . Three-dimensional
appreciation could help in the planning of surgical ap-
proaches and umbrella closure without compromising adja-
cent structures and provide information for more complete
diagnostic classification. The purpose of this study was
therefore to demonstrate the feasibility of in vivo reconstruc-
tion of ventricular septal defects in an experimental model
and to validate its quantitative accuracy for defect localiza-
tion relative to surrounding structures .
Methods
Animal model, Six mongrel dogs (23 to 32 kg) were
anesthetized with 30 mglkg body weight of intravenous
0735-10971941$6.00
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sodium pentobarbital
. The trachea was intubated, and the
animal was ventilated . After left thoracotomy and pericar-
diotomy, cardiopulmonary bypass was established
. The
heart was arrested, and the right ventricular free wall was
incised
. A ventricular septal defect was created surgically
under direct visualization to produce defects in different
locations (see later)
. The right ventricular incision was
repaired and the heart defibrillated . A roller pump mecha-
nism was established to ensure a stable cardiac output during
imaging by draining venous return from the superior and
inferior venae cavae and coronary sinus and returning it to
the right atrium at a known rate
. The defect and other
cardiac structures were then imaged as described later .
Animal studies conformed to the principles of the American
Heart Association .
Excised . To compare directly measured distances
with those in a three-dimensional reconstruction without the
confounding effects of cardiac contraction (varying defect
size [71), excised canine hearts with surgically created de-
fects were filled with heated 5% aqueous agarose solution .
This solidified to produce a stable specimen with distinct
acoustic interfaces that was imaged in a water bath . The
right ventricular free wall was then incised, and the under-
lying agarose gel was removed to expose the defect and
allow measurement of the shortest distance between its edge
and other cardiac structures (the septa] insertion of the
tricuspid valve and the right ventricular apex) . The left
ventricular free wall was also incised to expose the left septal
surface of the defect and facilitate measurement of its
shortest distance to the septal insertions of the anterior
mitral leaflet and aortic valve and to the left ventricular apex .
Procedure .
Defects were reconstructed in six beating
hearts to demonstrate the in vivo feasibility of producing a
coherent image of the defect that portrays its relation to the
right and left ventricles and other cardiac structures . Feasi-
bility of reconstruction was also studied in two additional
gel-filled excised hearts used in vivo for other studies .
Quantitative localization of the defects relative to other
structures was subsequently validated for seven defects
studied in excised gel-filled hearts, providing a range of
spatial locations (inlet, trabecular and outlet) . (These defects
were created in four of the hearts studied in viva. An
additional defect was created in three hearts before filling
with agarose .) The right septal margins of the seven exposed
defects were also traced on a clear plastic overlay and were
measured by planimetry for comparison with their recon-
structed areas and circumferences .
Techniques. Data acquisition . Hearts were scanned for
30 to 35 s with the 3 .5-MHz transducer of a Hewlett-Packard
phased-array sector scanner (model i7020A) . The beating
hearts were scanned through a water bath in intersecting
long- and short-axis views to include the defect and sur-
rounding structures . The excised hearts were stably sus-
pended in a water bath and scanned. Three-dimensional
image locations were recorded automatically during scan-
ning.
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Figure t
. Two-dimensional echocardiographic image of a ventricu-
lar septal defect (arrowW in a beating canine heart
. The digitally
encoded positional data produce the black and white pattern at the
upper left
. (The left ventricular entrance of the defect is not seen in
this two-dimensional view
.) LV = left ventricle; RV = right
ventricle .
Transducer location . The position of the ultrasound im-
age in space was determined using three spark gap locating
devices mounted on a plate perpendicular to the long axis of
the transducer (29). Each spark gap emits an audible sound
toward an array of microphones that time the arrival of the
sound and determine the spark gap location by triangulation .
A square array of four microphones provided several calcu-
lations for internal consistency and accurate data from a
wide range of views . The three spark gaps were fired in rapid
succession by a microprocessor (Science Accessories) . Each
time the set was fired (30/s), transducer location could be
calculated . Because the transducer may move slightly be-
tween spark gap firings, their locations were taken as the
least-squares fit to their known positions on the mounting
plate. Deviations from these known distances, indicating
rapid transducer motion or an obstructed acoustic path, led
to exclusion of the data set .
System description. This system has been previously
validated for ventricular shape and volume (33-37) . A per-
sonal computer (SUN 386i) is interfaced to both the trans-
ducer locating system and the ultrasound machine by means
of a high speed data port (PID-12, MetraByte) and a special
purpose video processing board (AT Vista, TrueVision) .
Positional data are sent to the video board and encoded as a
binary pattern that is overlaid on the video signal from the
ultrasound machine (Fig . 1). The composite video signal is
then recorded in real time on videotape . Every flame there-
fore contains all the raw data needed for three-dimensional
reconstruction (images, electrocardiographic and spatial in-
formation), so that manual alignment of the data sets is
unnecessary. This system allows three-dimensional data to
be acquired in no more time than the component two-
dimensional scans.
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Figure 2 . Schematic diagram of defect locations . AV = aortic valve ;
PV = pulmonary valve ; TV = tricuspid valve ; other abbreviations
as in Figure l .
Data analysis . After the scan, the same system was used
to select up to 30 tomographic images (typically 18 to 27)
from video playback . In the beating hearts, images were
selected at a consistent lime point (R wave peak), and
endocardial borders were traced on the digitized images by
using a digital pointing device incorporated into the system .
This produced a three-dimensional in, age that permitted the
defect to be localized to the inlet septum adjacent to the
tricuspid valve ; the outlet septum below the pulmonary
valve; the trabecular muscular septum extending from the
smooth inlet and outlet septa to the apex, or the membra-
nous septum adjacent to the aortic valve (38-40) (Fig . 2) .
Appreciation of these three-dimensional relations could be
improved by dynamically rotating the composite while pro-
viding kinetic depth cueing . (Depth cues are provided by
displaying structures in the near field with thicker lines than
those in the far field . The'e cues change as the structure
rotates, enhancing three-dimensional appreciation .) Multiple
structures were traced in different colors in the same view
for easy recognition . The viewer could then select which
structures to display in three dimensions (e .g ., right ventricle
and defect) without additional data entry and with minimal
time (<30 s) for calculating the rotating views of the three-
dimensional construct . In the quantitative studies, the short-
est distance from the defect margin to other cardiac land-
marks (valves and apexes) were determined by a digital
pointing device in the construct . To determine defect area
and circumference, the lumen margins of the defects and
adjacent muscular surfaces were traced, and a smooth curve
was fitted to their right septal borders (in flectior. "ints of
endocardial traces at the defect margin) .
Statistical analysis . Linear regression analysis was used
to compare distances and areas measured in the three-
dimensional construct with those directly obtained in the
excised hearts. Two independent observers repeated 16
distance measurements and measured the areas and circum-
ferences of three defects to determine observer variability .
Results
In vivo feasibility and spatial appreciation . The six beat-
ing hearts with ventricular septal defects (two inlet, two
RIVERA ET AL .
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Figure 3 . In vivo reconstruction of an outlet ventricular septal
defect (VSD) . See text for details . LVA = left ventricular apex ;
other abbreviations as in Figures t and 2
.
trabecular, one outlet, one membranous Gerbode) were
successfully reconstructed to produce a coherent image, as
were two additional muscular defects (one distal trabecular
(apical], one inlet) in gel-filled excised hearts . The recon-
structions allowed localization of the communications with
respect to other structures in the right and left ventricles and
displayed their trajectories through the septum, as shown
schematically in Figure 2 and reconstructed in Figures 3 to 6 .
Figure 3A looks down the long axis of theleft ventricle in a
beating heart and displays a defect originating from the
outlet septum just below the pulmonary valve, Rotation of
the reconstructed heart 30' (Fig
. 3D) shows that the defect
connects to the subaortic outlet region of the left ventricle in
the far field of the image
. Figure 4A shows an inlet defect,
reconstructed in a b"ting- heart, in relation to the right
204
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Figure 4. In vivo reconstruction of inlet ventricular septal defect
(VSD,
	
). See text for details . The right ventricle is traced in
the left ventricle in red . Ao = aortic ring (with valve traces);
LA = left atrium; PV = pulmonary valve ; RYA = right ventricular
apex (in the near field of l R); RVI = right ventricular inlet
region (in the far field of pand R ; tricuspid valve not shown for
simplicity) .
ventricle, which is in the background of the image ; the left
ventricle, which is in the foreground of the image ; and the
left atrium and aortic ring to the right . The defect originates
from the posterior aspect of the inlet portion of the right
ventricle and connects to the adjacent anterior muscular wall
of the left ventricle . In Figure 48, the posterior aspect of the
right ventricle is viewed from an apical and slightly posterior
position, with the apex in the near field (thicker traces) and
the inlet region in the far field . This view splays out the right
ventricular outflow tract over the aortic ring and shows that
the defect originates from the posterior wall of the right
ventricle, on the opposite side of the arc from the pulmonary
valve (the left ventricle has been omitted for simplicity) .
Figure 5 shows an apical trabecular defect reconstructed in
an excised heart that appears as a tubular structure connect-
ing the right (foreground) and left (background) ventricles,
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Figure 5. Reconstruction of an apical trabecular defect (arrow) in an
excised heart . The left ( ) and right (blue) ventricles are to the
right on the image, with several atrial traces to the left .
wit their apexes to the right and the atria to the left of the
image. In Figure 6, a beating heart is viewed to provide a
layout of all four chambers, with the atria highlighted in the
foreground. A defect (arrow) can be seen with its entrance
leading from the right atrial cavity and funneling posteriorly
toward the subaortic region of the left ventricle (red) through
the membranous septum . It is therefore a Gerbode defect
(41) .
Figure 6. In vivo reconstruction of a membranous Gerbode defect
( arrowhead) connecting the right atrium (RA) to the subaortic
left ventricular outflow tract . See text for details . The left (red) and
right (blue) ventricles are in the background . Other abbreviations as
in Figure 4 .
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ftmm 7. Three-dimensional (3-D) versus actual distances of the
defects from other cardiac structures in excised hearts . Abbrevia-
tions as in Figure i .
Quantitative results . The distances between seven Vep-
tricular septal defects (three inlet, three trabecular, one
outlet) and other structures measured from their reconsaruc .
Lions agreed well with direct measures, with a corraclaflun
coefficient of 0.98 (y = 1 .05x - 0.18 cm, SEE = 0.30 cra)
(Fig. 7). Correlations for the shortest distance from the
defect margin to individual structures were as follows : to the
right ventricular apex, y = LIN - 0.31, r = 0.99, SEE =
0.32 cm ; to the septal insertion to the tricuspid valve, y =
0.85x + 0. 11, r = 0 .99, SEE 0.20 cm; to the left ventricular
apex, y = 1 .30x - 0 .85, r 0.98, SEE = 0 .33 cm; to the
septal insertion of the anterior mitral leaflet, y = 0,99,-,
0.004, r = 0 .95, SEE w 0.39 cm, and to the aortic valve, y
0.89x + 0.19, r = 0.97, SEE = 0.23 cm .
Defect areas and circumferences also agreed well with
actual values (Fig. By for area, y = I .Ox - 0.23, r = 0 .98,
SEE = 0.21 cm 2 ; and for circumference, y = 0 .97x + 0 . 13,
r = 0.97, SEE = 0.3 cm .
Observer variability. The mean difference between the
measurements of the two observers was 0.14 cm (5.2% of
the mean value) for distances between defects and other
structures, 0.06 em2 (3 .9% of the mean value) for defect
area and 0.16 cm (3.1% of the mean value) for circumfer-
ence. Linear regression an-Jysis gave y = 0 .99x - 0.04, r =
0.99, SEE = 0 .17 cm for distances; y
	
1 .06x - 0.13,
r = 0.98, SEE = 0.12 cm2 for areas. and 1_13x -- 0.80,
r = 0.99, SEE = 0 .17 cm for circumferences .
Discussion
Ventricular septet defect localintion. Two-dimensional
echocardiography and Doppler color flow mapping have
proved valuable for diagnosing and monitoring ventricular
septal defects (1-17). However, the limited ability of two-
dimensional images to visualize other cardiac structures in
the same view with the defect along a curving septum, and
the need for mental integration of composite views by an
experienced observer (7,8,38-40), makes it difficult to obtain
a true three-dimensional appreciation (14). This can create
uncertainty, for example with regard to the total number of
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Figure 3. Three.dimensional vers is actual measurements of defects
in excised hearts .
communications present when defects are seen in multiple
intersecting views (17) . Defect classification by color flow jet
direction is subject to uncertainty because of jet deflection
by prolapsing aortic valve cusps, tricuspid leaflets and
fibrous tags (14) . The limitations of two-dimensional presen-
tations (14,17,42) have led to qualitative three-dimensional
studies with other modalities as well (43,44) .
Three-dimensional echouirdlography . In previous stud-
ies, multiple spatially registered two-dimensional echocar-
diographic views have been reconstructed, generally using
spark gap locators and producing wire frame constructs
(18-30 Elowever, applying such techniques has been lim-
ited by the need to coordinate multiple images with their
spatial locations, with the exception of volumetric scanning
(32) . Although left and right ventricles have been studied,
the more involved echocardiographic reconstruction of con-
genital defects in relation to other structures has not, to our
knowledge, been reported. The current study, which recon-
structed a large number of intersecting views, was made
possible to a large extent by a new system that automatically
integrates images and positional data in a workstation that
also provides a rotating display to enhance three-
dimensional appreciation (33-37) . The system also permits
continuous data acquisition on a frame by frame basis,
facilitating in vivo reconstruction .
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Ventricular septa) defects .
The results of this study dem-
onstrate the initial feasibility of in -.°ivo three-dimensional
reconstruction of ventricular septal defects as well as the
ability of this technique to quantitate the distances of defects
from adjacent cardiac structures and their areas and circum-
ferences. Although many of the distances measured could
potentially be obtained from two-dimensional images, the
three-dimensional technique has two advantages : 1) Some
measurements, such as distance from an outlet defect to the
apex, may be difficult to obtain from individual two-
dimensional views but are readily available from the three-
dimensional construct . 2) It avoids the need for the observer
to create a mental "approximate three-dimensional model of
the heart" (8) from composite scans (7,38-40) to achieve
spatial appreciation and measure a standardized dimension,
such as maximal diameter or minimal distance .
Potential clinical implications. Three-dimensional display
could be of potential value in planning optimal surgical
approaches for defect repair (45-48) and in guiding trans-
catheter defect closure (49-51). Difficulties have in fact been
encountered because of failure of the umbrella device to
cover the entire defect or compromise of adjacent struc-
tures, such as retraction of a tricuspid valve leaflet with
resultant regurgitation (49) . Simulation of umbrella place-
ment in the three-dimensional construct, a potential future
development using existing graphics workstations, could
conceivably alert the operator to such possibilities . The
ability to relate defects to surrounding anatomic landmarks
would be of additional value in classifying and determining
relations to the great vessels (38-40,52) . Inability to distin-
guish multiple defects (17), a reported cause for reoperation
(48), could be reduced by a technique that displays each
defect discretely and unambiguously in three-dimensional
space. Finally, improving the ability to measure defect
cross-sectional area (rather than relying on assumed circular
geometry) could provide an alternative and direct method to
calculate shunt flow by multiplying area by the continuous
wave Doppler time-velocity integral, as reported for atrial
septa) defects (53,54) .
Limitations end future directions. With the rapid acquisi-
tion, reconstruction and display provided by the current
system, endocardial border tracing has become the rate-
limiting step . Reconstructing the entire left and right ventri-
cles and ventricular septal defect, along with valvular land-
marks, each in separate computer-coded colors from up to
30 views for purposes of detailed illustration and validation
in this study, required approximately 15 to 25 min depending
on the number of views used, their complexity and observer
experience . This process, however, can be considerably
streamlined for more routine use and reduced to 5 to 10 min
by tracing only the defect and selected landmarks in far
fewer (10-15) views, retaining comparable spatial apprecia-
tion and improving potential applicability . This process
could be further shortened by defining the minimal number
of views required for spatial appreciation (21) and by using
new systems for border detection based on signal amplitude
or the presence of flow (55) to automate or semiautomate
border extraction . In the clinical setting, respiratory moni-
toring or gating could be important to control for respiratory
excursions greater than those in the experimental setting .
The ultimate limitations, however, are those of two-
dimensional echocardiography (e .g ., defect size will be
subject to gain) as for all two-dimensional imaging . Further
work is required to define the ability of the technique to
visualize small defects, because the minimal diameter in this
study was 0.9 cm on the right septal surface, although
orifices as small as 0 .4 to 0.5 cm could be seen on the left
septal surface (smaller because of the way the defects were
created [right to left)) . Three-dimensional techniques, how-
ever, should be able to reconstruct complex or selpiginous
defects that cannot be visualized entirely in any given
tomographic view but present defined echocardiographic
borders. In addition, color flow information, which can often
be seen within the septum even for such small defects, could
also be digitized and reconstructed . Although two defects
could be separately reconstructed in each of three of the
excised hearts, further studies are required to demonstrate
that this technique can identify multiple defects in the
clinical context . Future directions in the three-dimensional
reconstruction include software applications to simulate
umbrella catheter placement . Real-time reconstruction is not
currently possible but could be facilitated by border detec-
tion techniques or methods that reconstruct gray scale
(voxel) images from a cardiac sweep (56,57), although
some form of border recognition is still required for quanti-
tation .
Conclusions. Three-dimensional reconstruction of ven-
tricular septa) defects can be achieved in the beating heart,
providing a quantitative and accurate appreciation of spatial
relations that could be of value in planning interventions .
This work can be considered an initial step in the process of
developing a three-dimensional echocardiographic evalua-
tion of congenital cardiac defects .
We thank Pamela McClung and Nancy Olivieri for expert secretarial assis-
tance .
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